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Natural idea = Higgs inflation

Original Higgs inflation

£= V=g = 508 + 2ulHPR-+ 1D, HP - V(1) )

successful but requires a large £ (~10%)
Low cutoff scale~M,,; /¢ = unitarity?



Natural idea = Higgs inflation

Original Higgs inflation

£ = v=g( = 508 + 2ulHPR-+ 1D, HP - V(1) )

successful but requires a large £(~10%)
Low cutoff scale~M,,; /¢ = unitarity?

Recent development

* introduce a new d.o.f
- other formulations of GR (Palatini, Einstein-Cartan, ...)
- Critical Higgs inflation



Higgs-R”2 inflation model

L/ =g = %( M3, + )R, — %(aﬂﬁ)? - %iﬁ

* R? D higher derivative of metric = a new d.o.f (scalaron = o-field)
* o-field push up the cutoff to ~M,,; (solve unitarity problem)

- keep successful inflation (Higgs inflation + Starobinsky inflation)

- predictive



Short summary of Higgs-R*2 inflation

v Inflatons = {o, h}.

But for large (positive) &, Higgs can be integrated out with non-trivial VEV.

v ne & r : Perfect agreement with observation

v CMB normalization:

A+ Qh(t + é)Q
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v interpolate Higgs and RA2 inflation (A vs ké?)

k= 1/(36a)
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Today

Dynamics after inflation = Reheating

Dark matter production during/after reheating



Reheating



Background dynamics after inflation

After inflation, h and o start to oscillate

RA2-like

Higgs-like
 A=0.01,(£=4000) k=1.2x10""° A=0.01("¢=100,)x=4.4x10"""
0.45 0.4-
Z 02 = 02
Nx L [
= 00 5 OOM
s _ g
s 02 s -02
0.4 ol
2 4 6 8 10 il ‘ . ‘ . .
Mptx107° 2 4 g 8 10
Red: o Mptx10°
Black : h

Asymmetricforo > 0and o < 0



Reheating

Decay process

v h - t+t(openonlyforo < 0):dominant channel
v o decay is almost blocked at early time



Reheating

Decay process

v h - t+t(openonlyforo < 0):dominant channel
v o decay is almost blocked at early time

Numerical simulation
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Blue dashed : Total Small ¢ = delay reheating



Reheating and maximum temperature

Treha Tmax [GeV]
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Eq U athﬂ Of State W — Do+h + Dr

pa—l—h + p-‘r'

Higgs-like RA2-like

A=0.01( £§=4000, kx=1.2x10""°
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Mp,t Mp,t
reheating completion

(w)~0 during reheating (matter like)
w~1/3 after reheating



Freeze-in Dark Matter



Motivation

* In addition to hot thermal plasma,
Dark matter (DM) is also necessary ingredient

* FIMP (= feebly interacting massive particle) < WIMP
Freeze-in & Freeze-out

Reheating dynamics matters for the relic abundance

* Other mechanisms for DM, e.g., PBH -



Model (X : scalar DM with Z5)

Jordan frame action :
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Model (X : scalar DM with Z5)

Jordan frame action :

1 3 - 1, 1. . NP
E/\/—gj = 5(]\[31 + ﬁhg + TIXQ)RJ — 5(8/_,5}1)2 — 5(({9“)()2 — V(h X) + O(RQJ + ESM

Non-minimal coupling
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(h, X) 4? + 5 + 1 + 1 )
1771, |Anx|~0 (feeble interactions) : Higgs portal
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Many Planck suppressed interactions (feeble interactions)



What to do

Solve Boltzmann equation for FIMP

nx +3Hnx = R(1), ny:DM number density

To solve this,

specify
* time (temperature) evolution of H
* R(T) : Reaction rate



Temperature evolution of H

universe evolves differently during and after RH

During RH After RH

T x a=>/8 T x a !

HoxT* H o T2




Reaction rate R(T)

v Two kinds of production mechanism

= from radiation ™ O
Efficient both during and after RH // \
M b ig)
Non-thermal production = from inflaton  G(h) DM
Efficient during RH 7
Tk N on

v In both cases, graviton exchange diagram is important



summary  y=war

production after RH
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Parameter space (1] = Apx = 0)
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Effects of 77 and Ay
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To avoid overproduction = |[\,x| <1071° & 7] < 107°

Smaller DM mass
for correct relic abundance



Summary

Higgs-R*2 = UV completion of Higgs inflation

Study post inflationary dynamics (Reheating, DM genesis)

temperature evolution during/after reheating
Scalar FIMP DM (77, A, x~0)

Evaluate relic abundance including thermal/non-thermal
production, graviton exchange, temperature evolution, etc.

Non-thermal <<

e Tren~101*(GeV) = 107 < my< 1010 can explain a correct
relic density



Future direction

* spinning DM ?
* Baryogenesis ?
* Preheating effects ?



Thank you !!
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Dual picture
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Dual picture

I
I
I
Higgs-o system (linear-sigma frame) *
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* R? = g-field
* manifest unitarity and perturbativity if
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Numerical solutions after inflation
(I' = 0)
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Numerical solutions after inflation
(I' = 0)
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Boltzmann equations
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Energy density and Pressure
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Inflaton potential

Higgs can be integrated out during inflation - only o-field remains

Effective potential: . :
canonical field ¢
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Derivation of Boltzmann equation

Bl — BQX

ny +3Hny = / ALy d g, d g, (27)0 (px + pB, — PRy )

X [IM5, gy fo, (1% fB,)(1 £ %) — M5, xp, f'32%1 + fz,)]



Previous works

Reheating

v Perturbative reheating

v Preheating

DM production
v Primordial black hole



After reheating

radiation dominated, only thermal production

R(T) for thermal production :

T oo | ‘ ‘
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After reheating

* contact terms
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After reheating

* contact terms

x (Duh)* — d (0,X)* — o ——_3,hd" X + h2X
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- graviton exchange
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After reheating
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* contact terms M\ x
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* graviton exchange
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After reheating

Integrate Boltzmann eq. from T, to T, (Note : depends only on Tyep)
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During reheating

Inflaton dominated, both thermal and non-thermal production
YEhermal (T‘reh ) + }/non—thermal (T‘reh )

* Thermal production = similar but

- Higgs is absent in radiation
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During reheating

* Non-thermal production
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only n = 1 for harmonic oscillation
w : oscillation frequency
M,,: transition amplitude of inflaton with Fourier mode n




During reheating

* contact terms
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Note : Higgs condensate effects are negligible
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During reheating

* contact terms G
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